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FOREWORD

This document is the final report of work performed on Power by the
WDL Division of the Philco Corporation during the Comet and Close-Approach
Agteroid Mission Study for the Jet Propulsion Laboratory under Contract

JPL 950870, The report covers work performed during the period 2 July 1964
to 2 January 1965,
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SUMMARY

PHOTOVOLTAIC

! Components for the photovoltaic power subsystem have been gelected on
the basis of the current state-of-the-art utilizing test evaluation and
flight data, Hence, the power output figures represent readily obtainable
performance, which can be upgraded by incorporating future solar-cell panel
developments., Experience gained on the MACS program, which aims at 1967-
1970 flights, has been utilized. Four rectangular or trapezoidal panels
with N/P silicon solar cells having 10 percent conversion efficiency in-
stalled over B5 percent of the frontal panel area have been considered for
missions to six comets of interest. The design is based on a minimum-power
output from the conditioning equipment of 200 watts at 28 volts after the
panels have experienced a giant solar flare}j The design points are the
sun-probe distances at intercept. Batteries supply power during prelaunch,

launch, solar panel deployment, peak loads, acquisition and maneuver.

ISOTOPIC POWER
The design and integration of a radiocactive thermoelectric generator

into an instrumented scientific probe vehicle is accomplished in three parts:

1. Design of the RTG unit
2, Determination of radiation sensitivity of instrumentation

3. Design and compatible placement of required instrument shielding.

For the-purposes of this contract, a conceptual design of the RTG unit
has been made and applied to provide the required weight-power comparisons.
For plutonium systems, weight versus thermal power has been calculated for
isotope, cladding, TE units, casing, fins, and miscellaneous construction
materials. ! A projection of RIG power-to-weight ratios has been made using

best available information from Martin, Battelle, Philco, and the literature,.
® i
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|

‘ A study to advance the state-of-the-art in shielding techniques forms
| the bulk of effort. A mathematical analysis employing the calculus of
variations has produced a technique to determine the minimum-weight shape
and location for a radiation shadow shield. A weight comparison between
conventional and optimal shield configurations has been made. The deter-
mination of instrument sensitivity to radiation has not been made. It was
hoped to include experimental data on this subject from an externmal source;

the promised data has not yet reached Philco.

@ v

PHILCO ' WDL DIVISION

+ aar # Tt Myl sy

L



Tt

Section

1

APPENDIX

PHILCO

s v S Hplir Comparrey,

TABLE OF CONTENTS

OBJECTIVES AND REQUIREMENTS

1.1 Background

1.2 Requirements

PHOTOVOLTAIC POWER SUBSYSTEM
2.1 Functional Description

2.2 Photovoltaic Panel Design
2.3 Batteries

GIANT SOLAR-FLARE EFFECTS

3.1 Damage to Solar Cells

3.2 Damage to Electronics
ISOTOPIC POWER SUBSYSTEM

4.1 Thermoelectric Technology
4.2 Fuel Availability

4.3 Cold-Junction Temperature
4.4 RTG Design

OPTIMUM SHIELDING CONFIGURATIONS
5.1 Introduction

5.2 Results of Study

5.3 Analytical Development
CONCLUSIONS AND RECOMMENDATIONS
6.1 Photovoltaic-Isotopic Comparison
6.2 Choice of Power Subsystem
REFERENCES

Calculation of Solar Cell Degradation
Due to Protons

A.l Determination of Summation
A.2 Derivation

Martin Company RTG Design
(Confidential)

vi

WDL-TR2366

2-13
3-1
3-1
3-4
4-1
4-1
4-2
42
4-5
5-1
5-1
5-1
5-9
6-1
6-1
6-4
7-1

A-1
A-1
A-3
B-1

WDL DIVISION

7



Pigure

2-1
2-2

2-3
2-4

3-1
3-2
3-3

3-4

4-1
L 42

4-3
b=4

4-6
b-7

4-8
49

3-1
3-2

5-3

'l' 3-4

PHILCO
v w Sz, flor Cmprarngs,

LIST OF ILLUSTRATIONS

Solar Cell Current-Voltatage Characteristics

Solar Panel Temperature and Power Corrected for

Non-Ideal Thermal Conduction

Total Panel Area vs. Heliocentric Distance,
Power and Cover-Glass Thickness

8olar Panel Weight and Temperature vs.
Heliocentric Distance

Cover Glass Thickness vs, Maximum Power Ratio
Spectrum of Giant Solar Flare

Maximum Solar Cell Panel and Battery Power
Available

Comparison of Transistor Radiation Dsmage and
Giant Solar Flare Exposure Dose as & Function
of Shielding

1sotope Power Supply Surface Temperature
Solar Heating of RTG
Radioisotope Thermoelectric Generator

Radioisotope Thermoelectric Power Generators
for Space Vehicles

Weight of lsotope, Cladding, and Total Haat
Source ve. Thermal Power Output for Plutonium
Oxide

Cladding Thickness vs. Thermal Power Output

Weight of lsotope, Classing, snd Totsl Heat
Source vs. Thermal Power Output for Plutonium
Nitride

7in Weight vs. Cold-Junction Temperature

Component and Total Weight of RTG as a Function

of Power
Ray Density Between 8ource and Detector

WDL-TR2366

Page
2-2

2-10
2-14

2-15
3-2
3-3

3-3
3-4

b4
4-6
4-9

4-10

4-12
4-13

4=14
4-13

b=16
3-3

Minimum Weight Optimized S8hields as s Punction of

Position

5-4

Change of Weight Optimized Shield with Attenuation

Factor

Comparison of Optimum Shields Calculated With end

Without Build-Up PFsctors

vii

3-6

WDL DIVISION




LIST OF TABLES

Table
1-1 Power loading Requirements
2-1 Power Output Degradation Factors
2-2 Standard Values of Sclar Panel Component
Weights
2-3 Solar Panel Sizing for 200-watt Minimum Output
from Power Conditioning Equipment
4-1 Cost/Availability of lsotopic Power Fuels
6-1 Comparison of Photovoltaic and Isotopic Power

Subsystems (200 watts)

. viii

PHILCO

s o el i Gy

WDL~TR2366

1-2
2-12

2-12

2-13

6-2

WDL DIVISION .



WDL-TR2366

SECTION 1
OBJECTIVES AND REQUIREMENTS

1.1 BACKGROUND

Since WDL has already surveyed a variety of power supply subsystems
[Philco, 19637; the technical objectives of this study have been accom-
plished more profitably by concentrating upon only the most promising
approaches, Subsystems other than the photovoltajic and isotopic-
thermoelectric appear to present more problems, For example, the present
state of development of thermionic diodes is not a promising as thermo-
electric diodes, Solar concentrators require a high degree of pointing
accuracy which overshadows the few advantages gained, The Brayton cycle
is complex and has moving turbines which are undesirable form reliability
and from magnetic field and gyroscopic moment standpoints., Isotopic
batteries are inherently high-voltage, low-current generators, and

information on them gives little hope for a high-power-output device.

1.2 REQUIREMENTS

Requirements upon the design of the power system are the following:

1. Continuous available d.c., power of 200 to 350 watts, depending
on the mission requirements

2, Operation between 1 and 2 A U, heliocentric distance
3. One-ysar life

The power loading requirements during various flight phases for

continuously operating 10-watt, 25-watt and 50-watt power amplifiers
are detajled in Table 1-1,

1-1
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SECTION 2

PHOTOVOLTAIC POWER SUBSYSTEM

2.1 FUNCTIONAL DESCRIPTION

The power subsystem supplies a minimum of 200 watts at 28 volts from
power conditioning equipment. A secondary silver-zinc battery system,
which is recharged regularly by solar panels, supplies power during ac-
quisition, maneuvers and intervals of peak-power loads, and will also
supply power during launch and solar-panel deployment. The photovoltaic
power subsystem consists of a series-parallel arrangement of solar cells.
The solar cells are mounted flat on four rectangular or trapezoidal panels
that are oriented normal to the solar flux. Blocking diodes are connected
in each series string, and shunt diodes are placed across each parallel
group to minimize losses from open cells and/or shadowing. Solar cells
are installed with multi-layer transmission filters deposited on cover
slides that are bonded directly to the cell surface by a transparent
adhesive. The filter-adhesive-solar cell combination is henceforth re-
ferred to as the ''cell stack'. The following sections discuss the problems
assoclated with cell-stack components and their selection based on present
state-of-the-art capabilities.

2.1.1 Solar Cells

The standard size (1 x 2 cm) N-on-P silicon cells with 10 ohm-cm
base material resistivity have bean selected because of their combined
high radiation resistance and high power output. The radiation resistance
characteristic is particularly significant because of the uncertainties
associated with the space radiation environment. This type of cell is
available currently in large quantities from several manufacturers. The
minimum performance characteristics under a simulated solar intensity of
140 milliwntts/cmz are shown in Figure 2-1. This bare cell has 10 percent
conversion efficiency under air-mass-zero (AMO) conditions at 28°C with
an active cell area of 1.9 cmz. . The 10 percent efficiency represents the
current capability of major manufacturers of silicon solir cell available

in production quantities.

2-1
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The best conversion efficiency achieved to date with silicon is
14 percent, while normally production quantity cells are between 8 percent
and 12 percent with an approximate gaussian distribution. Future efforts
to skew this distribution toward the higher efficiency range will probably
. result from efforts devoted to forming the junction precisely where it is
desired. The theoretical upper efficiency limit with single-crystal
silicon solar cells has been calculated by Prince (1955) to be 21.6 percent.
However, losses due to surface reflections, incomplete absorptgon, incom-
plete collection of electron-hole pairs, partial utilization of photon
energy for electron-hole pair creation, and internal series resistance
limit the achievable conversion efficiency to 15-16 percent. Large-
quantity production further reduces this efficiency by a few percent.

Improved manufacturing methods can be expected to reduce costs in the future,

Gallium arsenide solar cells have been eliminated from any
consideration beyond that given in the Solar Probe Study [Philco; 1963]
because of their premium cost which does not buy any significant opera-
. tional advantage on comet missions. The GaAs cells are more radiation
resistant than silicon; however, a small additional thickness of cover
glass over the lightensilicon cells would provide equivalent radiation
resistance. The silicon solar-cell power output is greater than the GaAs

at temperatures below 120°¢.

Considerable effort is underway at NASA and under Air Force con-
tracts on thin-film solar-cell development using silicon, gallium arsenide,
cadmium sulfide and gallium telluride. Thin-~film cells have advantages
in weight, panel-design flexibility and possibly radiation resistance. At
present, however, only comparatively inefficient thin-film cells have been
developed and these have not been made with reproducible characteristics
(Shirland, Wolff, Schaefer and Dierssen; 1962]. Data is unavailable on
thin-film operating life and storage effects. Polycrystalline cadmium
sulfide presents an additional ground handling and spacecraft installation

problem since it deteriorates rapidly upon exposure to the atmosphere.

o 2-3
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2.1.2 Cover Glass Slides

Cover glass slides are bonded to the solar-cell surface with trans-
parent adhesive. These cover slides provide protection from particle
radiation, increase the cell's spectral emittance, and afford micrometeor-
oid protection. An intensive investigation conducted during the MACS de-
sign effort indicates that fused silica suffers the least reduction in
transmission after exposure to electrons, protons, and ultraviolet radia-
tion of the materials investigated to date. The solar panel power output
is & function of the cover-slide thickness since a significant range of
particles is absorbed and high-energy particles, damaging to cells and
adhesives, undergo a substantial energy reduction while traversing the
cover slide. Thus an increased thickness means fewer cells are required
for the desired power. This presents a trade-off situation between the
weight penalty incurred by increasing cover slide thickness and the re-
sulting decrease in panel size for 30- and 60-mil thick fused-silica
cover slides on six comet missions. If the power output at the design

point must be increased, the cover thickness can be increased.

2.1.3 Optical Filter

A multi-layer interference filter is vacuum-deposited on the inner

surface of the cover glass and an anti-reflective coating deposited on the
outer surface, i.e., exposed surface. A transmission cut-on wavelength

of 435 millimicrons {s recommended for this filter. This cut-on can pro-
vide better protection against transmission losses in the adhesive due

to ultraviolet degradation, while paying a very small penalty in power

for cutting off a small portion of the cell's spectral response. The cut-
on selection is conservative but justified at this time, since test data
is scarce on ultraviolet degradation, degradation of filters and adhesives,
and since current testing procedures indicate substantial uncertainties.
Further testing and adhesive R&D work may optimize the filter character-
istics.

2-4
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2.1.4 Solar-Cell Cover Transmissive Adhesive

Space environmental effects on the mechanical properties of adhesives
are not significant in solar cell applications. This is because cover slide
materials are relatively impermeable to gases, and outgassing of volatile
products in the adhesive can occur only through the very small exposed area
at the edges of the adhesive bond line. Studies have indicated that this
is an extremely slow process even with the accelerated rate of volatiliza-
tion due to vacuum radiation and high temperatures. The primary considera-
tions for solar-cell cover adhesives are their transmission and absorptance
characteristics. These adhesives are quite susceptible to ultraviolet
degradation. However, the blue filter reflects the bulk of the energy

below 0.435 micron and minimizes the transmission loss.

2.1.5 Ultraviolet Exposure Degradation

Little is know about the chemical degradation process associated
with the ultraviolet and particle-radiation exposure of transmissive ad-
hesives. Current environmental ultraviolet-radiation testing employs
either Mercury arc or Xenon lamps. These sources do not match the solar
ultraviolet spectral distribution. Disparities assoclated with the cor-
relation of flight data and test results indicate that large uncertainties
must be assigned to present data. Mariner 2 flight data indicate that the
transmittance of the LTV-602 solar-cell cover adhesive was not adversely
affected during its mission {Zontendyk, Vondra and Smith, 1963]. Several
promising silicon-base transparent adhesives are being investigated at
WDL and elsewhere under simulated space conditions to determine transmis-
sion degradation effects resulting from particle and ultraviolet exposure.
A degree of skepticism should be applied to simulated testing with current
techniques. Flight tests of more promising silicon-based adhesives are

recormended, coupled with a critical evaluation of the instrumentation

emp loyed.

Ultraviolet degradation of thermal control materials results in
an increased thermal absorptance. This increase in thermal absorptance

is a non-linear temperature phenomenon that diminishes with lower

2-5
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. temperatures. Samples of rutile titanium-dioxide pigment in a silicon
binder flown aboard 0SO-I indicate a very small increased thermal absorp-
tance at temperatures well above those calculated for comet missions. The
rear panel surface has @ negligible view factor of the spacecraft; con-

sequently it should not be affected by ultraviolet exposure.

2.1.6 Solar Array Wiring

In order to minimize magnetic effects of current loops within the
array, the photovoltaic circuits should be backwired. Backwiring involves
bringing the return wire from a group of cells along the center of the
back of that group to a point where the two wires can be made a twisted
pair. Thus, for every current in a group of illuminated solar cells, an
equal and opposite current returns down the back of the group, and the
net current flow is zero. Failure of separate modules will thus not

distort the gross patterns of current flow in the solar cell surfaces.
2.2 PHOTOVOLTAIC PANEL DESIGN

2.2.1 Cell Stack Temperature

Panel sizing has been based on the current-voltage characteristic
temperature dependence of @ N/P silicon cell with a manufacturer's con-
version efficiency rating of 10 percent. Perihelions of the comets of
interest have been used as the design position for minimum power output.
The most important panel sizing parameter is the solar-cell stack temper-
ature from panel deployment to post-intercept. The solar panel tempera-
ture profile as a function of position with respect to the sun has been
determined using two control-volume boundaries. The first considers the
active solar cell surface, the uncovered frontal thermal surface, and the
conductive panel substrate up to, but not including, the rear panel ther-

mal control surface. The energy balance for this system is as follows:

T, - T
°l‘g[c.cz +egl- 2]+t . b +2- 3 cos of2Zra,, + (1- Doy =0  (2-1)
2-6
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The second considers the heat transferred by non-ideal conduction and the
rear panel emitting surface:

(T, - Tb)+c‘ 4

R

where

4 ® @ e Q N H @ w Y >
]

b Ip =0

= {ncident solar flux
absolute temperature
= packing factor

= emissivity
= gbsorptance

= total panel surface area

= Stefan-Boltzmann constant

= power from solar cell conversion

= equivalent thermal resistance of panel substrate

= transuission through filter and adhesive,

and the subscripts are defined as follows:

£ = panel front surface (not covered with solar cells)

b = opanel rear surface

sc = golar cell-gdhesive-filter composite

(2-2)

= off-normal angle between panel surface and incident solar flux

An equivalent thermal resistance accounting for non-ideal panel

conduction has been determined with Mariner 2 flight data.

The following

thermal control surface materials were considared in this determination:

Surface

Rear panel
Inactive Front Panel
‘ Filter-Cell-Adhesive

Mapterial

8ilicon Acrylic

8ilicon Alkyd
Combination

227

Condition g

Zn8 Pigmented 0.30
Rutile Pigmented 0.12
Rutile Pigmented 0.80

¢ at 285°x

0.91
0.89
0.83

WDL DIVISION
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2.2.2 Cover Glass Slides

Cover glass slides are bonded to the solar-cell surface with
transparent adhesive. These cover slides provide protection from particle
radiation, increase the cell's spectral emittance, and afford micrometeror-
oid protection. Investigation indicates that fused silica suffers the
least reduction in transmission after exposure to electrons, protons, and
ultraviolet radiation of the materials investigated to date (sTL, 1964].
The solar panel power output is a function of the cover-slide thickness
since a significant range of particles is absorbed and high-energy
particles, damaging to cells and adhesives, undergo a substantial energy
reduction while traversing the cover slide. Thus an increased thickness
means that fewer cells are required to the desired power. This presents
a trade-off situation between the weight penalty incurred through addition-
al cover-slide thickness and the resulting decrease in panel size for 30-
and 60-mil thick fused-silica cover slides. If the power output at the

design point must be increased, the cover thickness can be increased.

2.2.3 Optical Pilter
The solar cell optical filter consists of a series of optical

quarter-wavelength thick dielectric coatings vapor deposited on the sur-
face of the cover glass which mates with the solar cell's surface. An
anti-reflective coating, unually’Mng, is deposited on the opposite sur-
face, which is the one that the incident solar flux first encounters.
These optical filters reflect portions of the solar energy spectrum out-
side the region of the cell's spectral response, which is 0.40 to 1.2
microns for silicon cells. The energy transmitted to the cell outside
this bandwidth contributes only to heating. This heat is undesirable
because the cell's conversion efficiency is inversely proportional to the

cell's temperature.
The term 'dblue filter' describes the filter which reflects incident

solar flux at wavelengths lower than the cell's initial response wave-

length, i.e., it rejects the ultraviolet portion of the solar spectrum.

2-8
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A blue-red filter is made by vapor depositing additional dielectric film
layers on the basic blue filter such that it will also reject transmis-
sion in the infra-red region. Preliminary calculations for the Pons-
Winnecke mission indicate an sppropriate power gain of 2 percent could
be realized if blue-red filters were used. The power gain would be less
for comet migssions with intercepts at higher AU distances from the Sun.
Current costs of blue-red filters are almost three times that of blue
filters. This additional cost is not considered justifiable for the
small power gain achieved. Further calculations in this study are all
based on the blue filter characteristics.

A transmission cut-on wavelength of 435 millimicrons is recommended
for the blue filter. This cut-on can provide better protection against
transmission losses in the adhesive due to ultraviolet degradation, while
paying a very small penalty in power for cutting off a small portion of
the cell's spectral response. The cut-on selection is conservative but
Justified at this time, since test data is scarce on ultraviolet degrada-
tion, degradation of filters and adhesives and current testing procedures
indicate substantial uncertainties. PFurther testing and adhesive R&D
work may optimize the filter characteristics.

The emissivity values used in the calculations have been tempera-
ture corrected for non-ideal thermal conductions. Figure 2-2 represents
the solar-cell and rear-panel surface temperatures calculated by trial

and error over the range of heliocentric distances at intercept. The
power output per unit area of panel is determined as follows:

P/A = sznuchnB (2-3)
whare
2-9
PHILCO WDL DIVISION
v o et o Gy

PR



WDL-TR2366

10

(zma/nu:ovn o1) 1&24 1uwd 1WIO§
0

T ~
I "L } i ; l ) T T
T . f',"Aff—», B BN T
JEN . i Eamn 4*..4,. ot -4
T — LI T B e ' ! T+<
+ - YRS S . S g " ——
. i T
e e P 4
i L
l Tt IREBRE ]
T i T ¢~4,_<%r 4+t
| Y | . e L mdooe e gy ’“’*T~}'44—« i t bt g e .
' boeh e ‘ ' JR SO B
: —errrt T‘-f}‘*’“‘*‘.“rw++u.»‘.1 Tl +-3 a8
(] +— M ‘Tfﬂﬂx""*'*‘i B M ;J_i S S Sndiies S o s s Shan R e
o ) SR S T Nnam e B T 'Th"'f"#—«v's—w—*f \ . +-_L —
. ' —— ; } X ; : e
& 4] s el oot o IS R o G T , e
Q0 D t boob - b { , T : PP
-] = + h20 SRt S S alhant St S S N ! = ; +
R -+ DO DU ' b by v e e ; »_‘L‘_“;_‘_‘ t
N IS DRSRERDNES SN N SEEEE HERNE Y | Ge T
] = ’ : e et s o == = . ] boab
- N BRSS! M — ; SRt . . P s —
S " T . i
T b p e g e bl ‘ —
] ! ~4-v — T ; ’ ; -
— i E I o -t o T T T LIRSt S e bt e Y*
Ll - L . S - N M
E R oo T +1 T T s
T - 1 et } . RN et o4 T akad . s
1 8 1 e et ot L e + ! e :
o M + Y it
<ﬁ + o I I T i SHEuEs g L S : ettt
i — ST I RN B SRS I AN ) A e
i Il N T + + - ’ H
Tl T t + : - T 11 ¢ - JREREREERE At 4 #’ 3 Yy 7 T i N i
i gt i - B unu IR ER AR ! L -+ 4l } ] F T 1 I AN
—t @ S NEES SETRS RN 5 SR R S I SR
+ - . * + T re
e b R B A L Tt -+t NI + e
; ) + +—dt [ I i NS S " T ot g ; L .
T ) + L ® + —i o M A + bt 4 . ; - R U
a I Y M '_‘&—4»- : 3 P REl - -4 " i T 1
T : + R I, ¢ i Lo ? =t T s 4t
+ 8 — J teed T — —t MR l*—‘f [ )] T ‘ ot
| st + 8r i e o MEMGRER SRa S AT .Y SR bt ]
-t + : L " L et | \ + + v 88 -7 —- —
) t + \ ! - 4y ‘ + + + "
ﬁ—Jf - . ) I — T SUNPUNS UQVERS Y . N —+ r . 1 ) -
L oeTTT Tw; + g,,‘ - T DA - ) — ; M —t—t
J + i } . ; Lo
TLN X et — ) — 7 + i —f— o _*4:4-1%«,»—'»4—*—-
— T i -+ b » i +— - - !

+ g T -l - ) A RS ABEREENE RERE
+— ) * -+ J R - + e
O3 1 oo L T 11 n = ‘

; : : ; —t

& + 4 o T
T'.—.'U " X S T *"‘—'—ﬁ—gL-o I hat i alth sl andis o <r.;.+_,;
et o " ! -+ ————t M ettt B b A
suef jusun et = EhEESeeEE PSS Sue

: ’ : o .
¢ ; +— + e S ST EUG BRSS 1

' ¢ . : P

———t i : + " —t—t —t e
X | - 4 ] — b b e ey )

1t i . - . ® —t—4 "
t ) — b L™, H y e by 0m o e e
L. Lo M p—r > . H e o 4 2 N
ot | o " + ot -] T ER s Q—,-L_...,,_,_ Lo
| e . & L i . ‘+—‘ ey of
=t [ SRR S S — + . i - - t
*.“m +—t E- ‘HSH \ L“ }.,_,_"4_"_”1 .-‘v_t 4%
_,_4_1 e i o8 Q —tp DTN SR U U SN
g : ) T opd - + booorb— e it ey ey
p——st bt + . b 1 R R A SRS .
. el - " T s :
it ] B ot Tl — L lg =t et . e
. ) . T .
L :.T—' Mg stencndiiR sad Ko M I -+ Y | S B m—— 4 R
I yﬂ g s ey 'S B - Y ~+ b -y r—h~~.,-_l T - N
._I : . od + — el T e e 4». e 4 . ‘ ) +or +— +
—— M rg S —t gt -— . gl e ST SRS MNP I
| ] 1 - Sk : i it S :
_“_+-’ Y T#L +—t-4 :.T ) 1¢ ‘8 b e o e """'“'—"'—va.——k—i
" BT B S B ; PSRl
ST ~ . P+ - rl o
- - V - MR
susunel |o¢ |ns snnessael | inaa soges -
. - + Lo % [ i b e v et e (A A B
X M —t -t T T Rt i L_J
‘ m st — ~ e e R R tadi s (R ‘ :
N M et o - ! - Foam vee bo o e bt gt -
H - L R Eainatian e St SR SRR n - IO S #
-+ b 4 N -4 e I ¥ -+
—t [ rTr oo v -y ) t 4+ j . 4” T bt ! ! i
'.T* ; 8 - : v Smb et oo o L TR BRdiaiian : o e
' g -+ U - -+t V. et ._'_';*”" s '_‘—1 HISRUDUIE EENPIGSURS SN
Sasfin u ) AR /A AR REond Bt SETSe BRORRBRRGE
bttt B pt—y- = 1 Ve g P Y . v, . + Tt T
‘ — gt ) M RN SO UEPURNIDR S -t
ey T - bt gt b i U SN RS S ~+ ——. -
+—t —~+ .o ! + + . . ‘ DET o o= SR SRR IR b o S
" e IT b - e by
=t i , e [T 1 Ay S0 Rk L TL IR R S e e ot
' Q -y gt I ' -— st RV Y. B T S B T ot Maas Shinah s B R s s
MY > N L] "~ — ra pb ot b s
1 g 4 N ” ' e = L et
- Lo + —-— 1 A8 ~ g - b . : ’ et —
| - -+ . R t e .t ~ 4=t b ) ?
BVER SRGNE S Ra SEEEAESeY | mw i0e VUl BERRE RES T T
| + — v + b
— oyt juf IEE) e A ama V.4 ptth U et ) i e
IR S ENERUE M 0~ Al - s ; ' T e ey
o et i s . - s . - 1 :
b ON et e % P — H ‘ DD N , i
f—s JER 4 _-.,,,.,__T;_L, , 4 A -tt bt o ot ——
bt o ; ~8 i + Tt AR DU ’ T
I [ + o i . SRS S0 S W . Aans dhn Sl en s sl ol | N -+
- J M -y n A T e e et
T “ = . , i P —— T N N
— . + . Y
TLYVN + ' ‘o ‘I',“' 4 — A M ! R TtYLx
T bt g b4 = — ’ - L T * — / + ; +++1
ahaSsnneRal; L e saanl | e s s —
f—4-v ] - ‘ - e - P W N 1.
e e S M S AR ‘
B T ) A B -~ S U,r__. ™t T i
t t SO BRI 7 - - y il i ) I B o e et
SUSHE EPEEE IOy A BERERE s — —
...1._1‘,_1__.,__‘ i + - '*T — - e b 44 e +—+ ' . L
i —tTT 4 o T AL A — e e ERAhn gl dhs s gl of
o I &t MR —+ et A ’ i 4 i
t J . ] ‘L + 4 15 R -
et e oo N I ] RSN E N T -+4 + oy et b
v et ;i . LS e enemn s - j T SIPEE YNNI S LA
Suaun e o o e i X I o - — e * B s e e
S S U ! 1 + 4o T X '—+" b g L ol .
+ | B e s S e ] H T [S S SR .
4—1—-—0-4... .4 Tr ¢ $obt R PRSI NI Sy S, b b g
. : .4 7 . i o Snmi it e Rt Satetun Mg
+ v * - 1 B B R e i B s S i L-
+- — N Sty Siad S
"TT‘H"“***—?d b — ! i SRR DR I D e A st aa NS i
M . BN T — 1+ N T - -+ ——t ; =t +—t
b ‘ —t N ‘ BTN UGS S e
— . ) SR M T
P Al . - t - T ST SSRSEOEEE SHNEE BRSNS
bl g HEDENY ABEEE S et BBl | B ! — SN RS e
Lol i T 1 T s e i R C : troet 4 '
N . T } ) bt -]
! +—1"%

o M,«-&AM (V2
( ~
A1) sanivzadual

s 1h

Sun-Probe Distance (A.U.)



: ‘I’ P/A

8C

R(A)

o S

T(\)

WDL-TR2366

panel power output per unit area

incident soiar flux

(The solar constant varies throughout the year from 144.8
to 135 milliwatts/cmz. The minimum value has been used.)

packing factor = 0.85

0.095 for N/P silicon cells rated at 10% efficiency with an
active cell area of 1.9 cm2 in a 2.0 cm2 cell area having the
grid wires parallel to the long dimension

cell temperature efficiency dependence

1- 4.7 x 10°3)(T - 301°K)

ratio of filtered efficiency to bare-cell efficiency

A
2 (M)S(MRA)AN

¥

1 > 0.92 with blue filter

[ S(A)R(A)dA

()

cell spectral response
solar energy spectral distribution

spectral transmittance through filter and adhesive,

The solar panel power output per unit area as & function of distance

fron. the sun is shown also in Pigure 2-2.

2.2.4

Panel Sizing

Calculations have been performed to determine a solar array design

capable of providing 200-watts output power at 28 volts from power condi-

tioning equipment for a one-year mission to comets at distances from the

sun equal to those at intercept. The major considerations in sizing the

array and in calculating performance are summarized in Tables 2-1 and 2-2.

Table 2-3 summarizes the panel size and weight calculations based on all

factors discussed.

®
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TABLE 2-1

WDL-TR2366

POWER OUTPUT DEGRADATION FACTORS

N/P Silicon Solar-Cell Array

Efficiency Factor

Diode and wiring
Random open circuit
Ultraviolet adhesive transmission
Panel: solar flux tlo off nomal orientation
Radiation of Giant Solar Flare

30-mil cover glass

60-mil cover glass
Micrometeorite erosion on cover glass
Operation at other than maximum power point
Cell mismatch

0.95

0.94

0.97
Negligible

0.696
0.773
0.98
0.95
Negligible

Overall Efficiency - 30 mil : 0,563

- 60 mil : 0.623

TABLE 2-2

STANDARD VALUES OF SOLAR PANEL COMPONENT WEIGHTS

Component

Weight (1b/ft?)

Solar Cells
Adhesive (typical)
Cell Interconnecting Wiring
Pused-Silica Cover-Glass with Filter
30-mil thickness
60-mil thickness
Panel without Cells Including Structure
Total Panel Weight with Cells and
30-mil cover glass
60-mil cover glass
(Packing Factor = 0.85)

0.28
0.15
0.02

0.34
0.68
0.61

1.30
1.59

2-12
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TABLE 2-3

SOLAR PANEL SIZING FOR 200-WATT MINIMUM OUTPUT
FROM POWER CONDITIONING EQUIPMENT

Maximum Cover P/A Total Total
Comet Encounter| Glass |(Temp. Panel Panel
Distance {Thickness| O 103 watts/cmz Area¥* Weight
(AU) ¥k (mils) (£t2) (1bs)
AT
Brooks (2) 1.80 30 220 4.29 90,6 113.2
60 80.4
Pons-Winnecke 1.26 30 278 6.96 54,9 68.6
60 49.2 78.3
Tempel (2) 1.36 30 266 6.60 57.9 72.3
60 51.9 82.6
Kopf £ 1.57 30 243 5.19 74.3 92.9
60 66.0 105.0
* Packing Factor = 0,85
**Heliocentric

Figure 2-3 shows the total panel area as a function of heliocentric
‘distance at encounter, the output power desired, and the cover glass thick-
ness. The panel temperature is also shown. Figure 2-4 shows the corre-

sponding solar panel weight for the same parameters.

2.3 BATTERIES

Rechargable batteries supply power during prelaunch, launch, solar panel |
deployment and initial sun acquisition. These batteries also supply power
during reacquisition and maneuver, peak power loads and the playback of
stored data during post-intercept. Self-sealed, rechargeable silver-zinc

batteries have been chosen on the basis of the following factors:

1. High ratio of output power to unit weight and volume compared
with other alkaline electrolytic batteries.

2-13
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2. Constant voltage characteristic during discharge at high power

output levels.
3. Operation over wide range of temperatures.
4. Discharge at both high and low rates.

5. Mechanicelly rugged.

Since magnetic field measurements are to be taken on the Comet missions,
components with minimum magnetic effects are required. However, the present
location of the magnetometer on the boom and remote from the battery loca-
tion probably negates any magnetic effects from the silver-zinc battery.
Silver-cadmium batteries are non-magnetic and could be used if an magnetic

effects analysis indicates interference with the scientific instrumentation.

A silver-zinc secondery battery system similar to the design for
Mariner Mars has been used for preliminary design study purposes. This
system has a 1200 watt-hour maximum rating. The load requirement varies
between O and 9.5 amps with a voltage regulation betweean 25.8 and 33.3
volts. This battery and case weighs about 37.5 pounds. The choice of a
sealed or vented-cell battery with a pressurized canister should reflect
the results of current developmental programs. The sealed cell is more
sensitive to overcharge and presents a potential explosive hazard. The

vented cell also has disadvantages in a vacuum.
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Figure 3-3 indicates the solar panel output power degradation after
a giant solar flare and the resulting maximum battery ovuatput power required
during a 24-hour period. The calculations were made for 100 sq. ft. of

panel area, the maximum area accommodated by the Surveyor shroud.

3.2 DAMAGE IN ELECTRONICS

A preliminary study of proton doses inside spacecraft indicates that
high-quality transistors can survive a gilant solar flare. Even considering
the largest event that ever occurred, the 14 July 1959 giant flare [ Singer,
19647, it appears that internal doses are below the estimated threshold for
severe damage [Battelle, 19637 to high-quality transistors. With less than
250 mils of aluminum shielding, the internal dose is greater than the

external dose due to secondary nuclear reactions [ Singer, 19641.

3.2.1 Calculations

The radiation threshold for transistors has been established as within
the range of 1010 to 1012 p-cm'2 (Battelle, 1963]. This threshold appears
realistic since experimental research has shown that pronounced changes

occurred for exposure to 1012 to 1013 p-cm'2 of 22 Mev protons and 1011 to

1012 2

p-cm- of 240 Mev protons. Some variation between radiation tolerance
of high- and low-frequency transistors can be expected because of the greater

resistance to damage shown for thin-base elements. Some experiments have
been conducted in which all important transistor characteristics changed

drastically, with the exception of the rectifying properties.

The particle doses given in the Battelle summary have bsen converted
to exposure doses by the following formula:

2

Exposure Dose = N E (0.69) (1.6 x 10'6) 10°° rads (C)

where N* the number of particles encountered by omnidirectional spherical
detector, E ™ the average energy ?f particles in Mev, and 0.69 is the ratio
of surface areas of a 1 gram sphere of carbon to a spherical detector of 1
square centimeter cross section. These are plotted as bar graphs in Figure

3-4. Also indicated are the proton doses from giant flares as published in
3-4
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the recent Singer article. Data on the November 12, 1960 giant flare is
the best available; it is a combination [Masley and Goedeke, 19627 of
satellite data from Discoverer XVII and Explorer VII, three NASA rockets,
balloons, and riometer data. The July 14, 1959 event was not so well

covered, and values used here are estimations by Singer.

3.2.2 Evaluation

The study of solar flare damage to spacecraft electronics cannot be
considered closed on the basis of this preliminary study. The question of
secondary nuclear reactions as presented in the references used here is still

considered doubtful.

3-7

caear & et s iy,

)
’

WDL DIVISION

v
-



T

PHILCO

Ao @ g, fplor Crmparny

WDL-TR2366

SECTION 4

ISOTOPIC POWER SUBSYSTEM

4.1 THERMOELECTRIC TECHNOLOGY

Radioisotope-thermoelectric generators (RTG) have been operated
at efficiencies of 2 to 8 percent using semiconductor thermoelectric
materials such as germanium silicide (Ge®i1). Three other approaches

have been examined, and the possibility of increasing efficiencies up
to 15 percent may be feasible in the future,

4.1.1 Segmented Bismuth Telluride - Lead Telluride Modules

Several development programs are under way, notably at
M.M.M. and Battelle, to fabricate reliable segmented 812Te3-PbTe
elements. This combination requires a low-temperature cold junction
(TC - 160°P) and appears to be able to give efficiencies around 10
percent. The operating temperatures ('1‘H = 960°F) are within materials
capabilities, but a higher radiator weight will be required to obtain

the lower cold junction temperature,

4.1.2 Segmented lLead Telluride - Germanium Silicide

Conversion efficiencies are around 10 percent, but development
is still required to produce modules, Cold junction temperatures,

TC = 350°F; hot junction temperature, T,6 ™= 1280°F, which means lower

H
radiator weight.

4,1.3 Multiple-Segmented Modules

This group includes three or more phases, such as Bizrea-PbTe-
GeS1, or other bonded combinations of segmented modules and single-phase

elements. These advanced combinations have been discussed with estimates

4-1
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of conversion efficiencies up to 15 percent. The approach is to take
full advantage of the temperature gradient between hot and cold junction

by placing each module between optimum temperatures.

4.2 FUEL AVAILABILITY

Table 4-1 is included as a guide to the most recent information
on prices and availability. 1t is adapted from a rough draft published
by Hanford Isotope Plant (HIP) T19647. Note changes in availability of
Curium-244 since the Solar Probe Study, with 1972 prices estimated at
$1500 - 2000/gm.

4.3 COLD- JUNCTION TEMPERATURE

For the purpose of estimating the range of solar degradation of
cold- junction temperatures, it has been assumed that the RTG is a right
circular cylinder with length equal to diameter. It is reasonable also
to assume that the dimensions will be very close to the final design
version of Philco's Solar Probe RTG (L = D = 10"), This version produced
150 electrical watts with a converter efficiency of 5.8 to 6 percent, and
it appears that with slightly higher efficiency thermocouples an RIG
producing 200 watts will not increase its dimensions significently. Four
radiation fins are attached parallel to the cylinder axis with dimensions
of 10 x 4.35 inches, Estimates have been made of the surface temperature
wvhen one end of the RTG faces the sun. To simplify the initial calcula-

tions the following assumptions have been made:

a. Conduction through the support structure is negligible
b, Surface temperature of cylinder and fins is uniform
¢. The RTG generates 3000 thermal watts continuously

d. The entire outer surface radiates to space at 0°R and this
surface (including fins) is assumed not to ''see' any other
part of itself or the vehicle.

Pigure 4-1 shows surface temperature vs. surface emissivity. For

F = 1 and the total interchange factor, & = 1, curves are shown for 1 and

42
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—Fig. 4-1 Isotope Power Surface Temperature b PORRS

- .

- ¥ D
-1 e e e e ‘

[EPFER ! DN U S S b s b e o b

PRONNSRS PR S ke

PR ol TR, .t

!

PG [ PR
e SISCp N
.

- P e — NG S S SN S PR
P TP IR BT S e e
S oeme b e eme s R e S S e s T JECSSBUI VY (DS UU G UG S S
P SO AL ST S U UG UG U SO
. e e b e e S ————— e - IS U U DY SO
4 } . - ! -+
— e e B S T T SIS UDIY YN,
...1».._..‘ PO S . ,.»4_1.‘,,..‘,.;._.,_*’4. S
_04<.l~5‘.&»0 - -+ . ¢ S ey i [ S 4,.7‘,‘.4
| i 1
e i i —f - ‘--.i-v‘«-Po¢m'7—¢-‘.._._~_4...._.-‘<§‘,...
+ . — . 4 .
2R R s Y QP be e B e e B it s P IS
— e e w4 - - - + B R e il SRR SR TDEPPES S PSSP S J
. R o - + PR CRPRPUS S GG SN S SN
DR NG ENNSEPUI S S - ¢ S SR USRI SR
y N e ‘ 4
T ; T
4 4 b e d b dam s e b e b b - e - .-4.......»-..—?.._. ——— s .....«t-‘_. RPN RS U IS UVDUTE U S
e b e st e ety e v - - —~+ — 4 s e ek e e
D I o IRy [P AR S — - R e IR
. .. um.. . as e b S RS L' I ORI
—_ . . . ; ‘
> + t 'y * s + X
e Sp- e e e b e 4 nY — e
.. Sy e R X -  SUVEDUR UG SN U PN
.. Jor e et eibme s e g EYEED SN
. .\J R R I B S *;L‘_...__._. - L....—o-o.. B T s R S Y
& A
- ; .o T O
e D
. - 4 b o . e e 4 e e B Y
. O A L e A
—
e ~§ PSR SREROE HETE PSR SIS
. . B T T Y b uu R S G T
B . - oMyt em e g i w4 et o b et 4 .
Vo lanme S e T R R R
o s <M~Qa\ B e e e e s s ) DRI
[ P e db O - A A - S e e e s
5] LTI NP S
.. . e e ...‘,.-...J‘.,.. . A
. -
' e
P . PN
- e d
Lo S
2 c
4- —4
N 4 i S
. ‘ . C
d . .
R DS O U S
! ) e e e o Ve e e b e . . B . .
, e . Ve e e e NN . .

. e e . i O R S R . e e R T o L
PR A T R S P S “"‘."" P T . .
AESDUDEDEDE SR SN SPRPON S I S S
e e o . PR . . P P B N S P . PR .

e et e e e e e e s -———— + - - _,_,_-,,._._“-‘ﬁ P
. H- C oo . . FS Y GG G I AR . e e e e e e e p . .
. [ I S ) S T A T T G
. e e . P N . P O T IR B R I .. P R Y . - -
\ O S O L L S e
. o o " n -
¥

f e e e P [ . . P FO S ..;,..Qa...l...lb N .
B TR X S S - SEEERRE - "SRR BN - T-SES o «

‘e Y . TR e S T P e e e e 4 e e R S . s
PR PR e b e e e .
e o e o JESR SV PO PRSI ST

X - P T T N
) - P L

N Vo . - . . . .
R A I A R e e e
{. N + . —t
AN SEENMMESEE SIS SINDEE DNReSSENME MM DS R R R
e e . P B I o R I I LR IR R S O
O T T TR O e T T T A A A
. oo - o - o .- P P -.o.l.... P T T Y . P
1
J U SO e R e s o SI NIRRTt BT ER LT S S
. [ PR S T T Ca e e
Y PR . - 4 - - -~ LI L) Vo e e L L B
P . ‘ R e SR SR B + 1 X
f P .. .o soe s P ey R EE R R S R « .
e e e e C e e ey .. e e e d e e o > P SR P e P
[ _i . il 1 -

PHILCO WDL DIVISION

’

g



WDL-TR2366

2 A.U. To bound the problem, F is set to 0.7 and the calculation is
repeated for 1 A,U, This curve demonstrates that the RTG will experience

no detrimental effect by facing the sun at one end.

Finally, an estimate has been made for the situation when maximum
solar flux is incident on maximum RTG area. This is the configuration
when the side of the cylinder and two fin faces point at the sun. The
increase in temperature resulting from an increase of the ratio of end
area to maximum area (1.3/0.545), for a total interchange factor equal
to 0.7, is less than 8°F. Figure 4-2 presents an estimate of heating
due to solar flux incident at one end. It assumes an absorptivity of

0.3 and is plotted as a function of heliocentric distance,
4.4 RTG DESIGN

The design and integration of a radioisotope thermoelectric
‘ generator (RTG) into the comet probe vehicle requires three parallel

phases:

(1) Design of the RTG unit to provide 29 vdc +17% from 0 to 200
watts (0 to 6.9 amperes).

(2) Design and compatible placement of required instrument
shielding.

(3) Determination of radiation sensitivity of instrumentation,

The design of an RTG has been completed. The determination of instrument
radiation sensitivity and tolerance cannot be made precisely without
actual irradiation experiments. The span of ranges lies within ].0"1

10 '
to 10

gamma-ray detector and on the threshold for semiconductor bulk-damage

photona/cmz-sec. These limits are'baled, respectively, on a
effects,

The development of a new design technique to produce minimum-

weight shielding for spacecraft has been the prime activity of the

‘ isotopic power study. A mathematical method based on the calculus of
4-5
PHILCO WDL DIVISION
s = Teg Rpter By, D)

ir



WDL-TR2366

variations has been developed to derive an optimum shield shape for a
given source-detector configuration. The method allows the radiation
dose to be prescribed initially (at a particular instrument) and proceeds
to develop the equations for the outline of a shield that minimizes the
weight of the shield. Multiple~-gamma scattering effects are included

by incorporating a shield "buildup factor' in the dose integral,

4,4.1 Radioisotope Thermoelectric Generator

The generator i8 an all-brazed assembly in which all thermoelements
are metallurgically joined directly to the heat source and sink. The
fuel capsule is a minimum-area right circular cylinder fabricated of
Hastelloy C and lined with tantalum for long-term corrosion protection.
The capsule 1s designed to withstand booster fires and earth impact
at terminal velocity, A void volume equal to the volume of the fuel
is provided in the case of plutonium oxide for containment of the helium

‘ gas generated by the alpha decay of plutonium,

A high-temperature fibrous insulating material, Min-K-2000, is
machined to fit between the fuel capsule and casing around the thermo-
electric modules. The case and four radiator fins are made either of
HM2 1A magnesium-thorium alloy or of beryllium. The density of these
materials is approximately the same. The outer diameter of a Puo2
RTG producing 200 electrical watts is 6.7 inches, with each of the
rectangular cross section fins extending 16 inches beyond the casing.
The width of the fins is 9 inches; thus they extend approximately one
inch beyond the height of the RTG cylinder on top and bottom. Tri-
angular cross-section fins would result in somewhat lighter but longer
panels. There is clearance in the Centaur shroud for fins up to 24

inches in length.

The output from the thermoelementa,Awhich are connected in
series and parallel for optimum voltage-current characteristics, is

. fed into a power conditioning unit. The load can be varied from no-load

47
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to full-load as required, without regard to damaging the generator.
Figure 4-3 shows the current conceptual design of the Philco Comet
Probe RTG. Appendix B (classified) shows an alternative rectangular
configuration desigﬁ submitted to WDL by the Martin Company Nuclear
Division in response to WDL's Comet Probe solicitation. The resulting
dimensions of the 200-electrical watt generator are 23" x 28" x 15" as
shown in Figure 3 of the appendix.

Figure 4-4 18 a projection of RTG technology to 1971. Many
developments are foreseen which will improve the performance of future
isotopic generators, thereby producing higher power-to-weight ratios,
Currently we are undergoing a transition from PbTe to GeS{ thermo-
couples, PbTe 1is attacked rapidly by oxygen and is limited to lower
temperatures, hence the lower Carnot efficiency and larger radiating
fins., GeSi is very stable, has a low vapor pressure and is believed
capable of operating at temperatures in excess of 1800° F in a
. ' vacuum, The material is quite strong and possesses a low density
(3.32 gm/cec). Even higher thermoelectric efficiency can be achieved
by using segmented thermoelements., This efficiency is a function of
the Carnot efficiency and the material figure of merit., To achieve
optimum thermoelectric efficiency, the average figure of merit through-
out the chosen temperature range must be a maximum, Since neither
material possesses a high figure of merit over the total temperature
range produced between fuel capsule and radistion heat sink, an
element composed of two (or more) materials with their interface at
the temperature of the intersection point of the figure-of-merit curves
will achieve maximum efficiency. Segmenting elements in this fashion
is not a new concept, but it has not been developed or placed in applica-
tion in the past due to electrical contact resistance problems. Martin
estimates that by 1975, generator power-to-weight ratios will be greater
than 5 watts per pound., This will be achieved through improved thermo-

electric materials and bonding, fuel processing, and fuel encspsulation.
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Performance Parameters

Parametric calculations are displayed in a series of figures
intended to allow flexibility for changing power requirements and tech-
nology over the next ten years. Thevariable 'thermal power output" is
used instead of "electrical power available" to allow changes in con-
version efficiencies to be incorporated with a minimum of inconvenience.
Figure 4-5 shows the weight of isotopic compound, cladding, and total
heat source for plutonium oxide. The required thickness of cladding to
survive impact at terminal velocity is plotted in Figure 4-6 for both
plutonium oxide and plutonium nitride. The nitride form may contain its
own helium, thus obviating the requirement for a void volume in the fuel
capsule, Figure 4-7 shows the weight of plutonium nitride, cladding, and
total heat source for that compound. As cold-junction temperatures are
lowered, the radiating area must be increased. Figure 4-8 shows fin
weight vs. cold-junction temperature for four levels of thermal power

output,

For a 600°F cold-junction fin system, Figure 4-9 presents the
range of weights of heat source, insulation, casing, thermoelectric units,
fins, power conditioner, and miscellaneous springs, shoes, solder, and
straps. Total RTG weight as a function of thermal power 1is shown in the

upper curve,

A compound of plutonium is ideal from the standpoint of radiation
hazards and will require no additional shielding to protect personnel,
Extremely sensitive instruments msy, however, require shielding to reduce
radiation-induced noise. Plutonium will be an expensive isotope to use in
RTG units until wider use of nuclear reactor energy sources comes into
being throughout the world. A comparison of 1968 costs, weight, and
lead shielding required to provide similar gamma doses has been made for
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WDL by Battelle and is tabulated below:

WDL-TR2366

WEIGHT

ISOTOPE SHIELDING COST
(1b) (cm of lead) (1968)
Pu-238
PuN 20 0 $3,600,000
Pa- 147
Pm203 40 4.6 $ 465,000
Cm- 244
szO3 3.8 9.5 $1,570,000
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SECTION 5

OPTIMUM SHIELDING CONFIGURATIONS

5.1 INTRODUCTION

The problem of shielding is present in nearly all situations in-
volving radiation. Electrons, protons, and alpha particles are the most
ifonizing and damaging to man, but are the easiest shielded of particles
of concern to spacecraft research and development. Neutrons and gamma
rays are the most difficult to shield. This study has been concerned
with the shielding of gamma radiation from radioisotopic power subsystems

in spacecraft where excess weight is still an undesirgble luxury.

The interaction of gamma photons with matter occurs by three
processes: the photoelectric effect, the Compton effect, and pair prod-
uction. The probability that one of these effects will remove a photon
from its path through the material depends on the energy of the photon
and the density of matter along its route. 'Scattering'' is said to occur
when Compton interaction takes place and a new photon appears at an angle
to the original ray path. For extended (i.e., not 'point'") sources and
detectors (i.e., sensitive instruments), photons which would not have
reached the detector in a narrow-beam geometry are scattered back and
are registered, Thus there is an apparent build-up of dose above that
calculated by the simple exponential attenuation law, This increased
dose has been included in calculations by various forms of a multiplier
called a "build-up factor', which depends on photon energy and shield
thickness,

The current technique for creating a minimum-weight shield is the
concept of ''shadow' shielding. This approach has a degree of application
for non-isotropic radiation fields such as those generated by radiocactive

isotopes, nuclear reactors, and X-ray generators., For a non-vacuum

5-1
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environment, like an earth laboratory, air-scattering effects limit the
usefulness of a shadow shield. On a spacecraft, even with air-scattering
effects eliminated, parts of the vehicle become radiation scatterers. This
problem can be alleviated by careful design. Finally, there is the shield

itself to be considered as a scattering medium as well as an absorbing

med{ium,
5.2 RESULTS OF STUDY

5.2.1 Two-Dimensional Problem

Figure 5-1 shows a line isotope with a finite number of radiocactive
atoms linedup evenly and emitting gamma rays, From the diagram, a vary-
ing ''density” of rays can be observed between the isotope and line detector,
The density is greatest in the center and diminishes un{formly toward both
ends. A shield located at the center of the separating region might, from
physical considerations, be expected to appear lens-shaped as shown. The
taper from center to edge, neglecting build-up factor (i.e., multiple

gamma scattering), can also, from physical considerations, be shown to be
logarithmic,

The simple ray picture can be applied to show how the shield-shape
changes with location, as indicated in Figure 5-2. For the symmetrical
situation, where source and detector are of equal size, the minimum weight
shield i{s exactly centered, The maximum thickness portion increases as
one moves away from the center in either direction, For certain pre-
scribed doses, no shield is required. As doses are set smaller and smaller,
a shield becomes necessary and the optimum weight shield starts as a mass
in the center and grows outward, Pigure 5-3 shows shields with attenua-
tions of 1/3, 1/10, and 1/100 without build-up factor.

The presence of a build-up factor to include the effects of gamma
scattering for extended sources and detectors is important. The comparison
for aluminum shielding (for which build-up factor data is readily avail-
able) with and without build-up factor is shown in Figure 5-4. 1t is

5-2
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< Slab With Build-up Factor N

r»———No Build-up Factor——— "

fﬂ———fct-o—t—o ——

Lt - ‘
U SR S

Fig. 5-4 COMPARISON OF OPTIMUM SHIELDS
CALCULATED WITH AND WITHOUT BUILD-UP FACTORS

Both figures are located at the intersection
of the diagonal rays. The outer shield uses
the build-up factor for aluminum with 1.25

Mev gamma rays. Conventional slab shielding

for both cases is indicated by the dotted
line,
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observed that shape perturbing factors in the equation with build-up
factor are not significant; the lens-like charscter remsins unchanged.
The thickness at the center increases as does the constant thickness

of the simple slab,

A comparative weight calculation is easily sccomplished for the
two-dimensional plsne shield by integration:

W (plane slab) _ ntx tx - 1.23
W(optimized shield) h L .

o ] t(x) dx f-;; in T(f + gx) dx (>-1)

A three-dimensional estimate might be made by rotating the two-dimensional
solution about its axis of éymmetry. This would be expected to produce a

larger weight ratio since maximum thickness occurs in the center region,

‘ W(cylindrical slab) . orx?t
W(rotated optimized shield)

270 - t(x) x dx

«

. Xt . 1.4

ZJEXE tn T(f + gx) dx

(5-2)

It is pointed out that these calculations are made with the optimized solution
~ without build-up factor because it is considerably less formidable to integrate
than the general solution. Prom Figure 5-4, it can be seen that this spproxi-
mation is probably not far off since the general shape is very similar in

both cases.

5.2.2 Three-Dimensional Problem

Time restrictions do not permit a complete exposition of a three-
. dimensional case in this report but it is felt that such a case, with

5-7
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axial symmetry, would not be mathematically unwieldy. A conservative
estimation of the weight comparison between simple slab shields and

their optimized counterparts has been made in the previous section by
rotating s "line" solution gbout a central axis. This weight comparison
is thought conservative because the central portions of a circular

shield will effect an even higher degree of shielding utility than a

line shield in a comparable two-dimensional situation. A mental extra-
polation of Figure 5-1 to a geometry of axial rotation may provide a more
convincing argument by showing an even higher density of ray paths through
the center as compared with regions in the vicinity of shield edges.

The two-dimensional example uses a '"line'" isotope as source and
& line detector at which the maximum tolerable dose is intially prescribed.
It will simplify the example considerably if the shield is also taken to be
a line shield with variable density to be determined. If the resulting
solution is then applied to a shield of uniform density material and the
physical outline of the shield is allowed to vary (this is in the true
spirit of this method), then the configuration will prove to be slightly
conservative., This is because ray path lengths in the shield will be
traversing a hypotenuse and will thus be greater than the direct path

assumed in the formulation.
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ARALYTICAL DEVELOPMENT

5.3.1 Outline of Technique

Given a prescribed radiation dose at the detector, one

desires to find e minimum weight shield to be placed between

the radiation source and the detector with the required atten-

uation characteristics., The general approach to solving this

problem is as followss

1. Express the shield weight as an integral

of a function of thickness over the shield

area (dA = du dv, where u and v are transverse coordinatel):

W o= f w(t) dA. (5-3)

2, Express the dose at the detector as a double
integral over the source and detector surfaces,
where the integrand is again a function of

shield thickness,

-2 &t
D ff SB(t) r " e dAs dAd
s d

S

= ff d(t) d.A\s dAd (5-4)
d

where S, B,«x, and r are conventional notations, respectively,

for source strength per unit area, build-up factor,

gamma attenuation coefficient, and ray path length,

3., Transform the dose integral to a single integral

over the shield area

D = J‘ £(A, t(A)) dA. (5-5)
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Combine the two functions using the method
of Lagrange multipliers appropriate to a

variational approach,
I = W+ AD

- J’ [ ) + M@, c@a)] aa

Applying the techniques of the calculus of
variations, set the first variation of I
equal to zero and solve for t(A, \). Since
the tntegrand has no dependence on the deri-
vatives of t, the Euler-Lagrange equations,
resulting from the variation of I, are

particularly simple.

§1 = 0 produces

%[w(t) + )\f(A,t)] - 0

The solution for thickness as a function of
area coordinates and the Lagrange constant
is obtailned algebraically.

t = t(A, M) where t 2 0,

Physically, the thickness cannot be negative,

whence the latter restriction on t, The

constant \ may be evaluated by intuition in

(5-6)

(5-7)

(5-8)

certain configurations, or by formally carrying

out the dose integral with the proper limits

5-10
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of integration

D -J’ £(A, t(A,A)) dA

where D is a given constant for the problem.
The integral may be in two main parts; the
first extending from A = 0 to an upper limit
where t becomes zero, and the second extending

from this point to the upper geometrical limit,

The relation t = t(A, D) is the complete and optimal solution to
the shielding problem, It is the equation for the ghape (i.e. the
outline) of the minimum weight shield which removes all radiation

above a given permitted dose (or dose rate),.

5-11

(5-9)
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5.3.2 Transformation to Shield Coordinates

The weight integral is expressed simply as follows:

W -J.?(X) t dx (5-10)

or, retaining € as a constant and letting t be the variable

(these quantities always appear together as the product gc),

W I? t(x) dx (5-11)
The latter expression is the preferable one.
k m
D = %I.J.dz B(t) ro2 oMot dy (5-12)
<K -m

where t is the shieid thickness, x the location on the shield
‘ with respect to the center, D the dose or dose-rate initially
set at the detector, S the source strength of the isotope in
photons per unit area per steradian, z the location on the
source referenced to the center, B the build-up factor to incor-
porate the effects of multiple scattering, r the ray path length,
M the mass attenuation coefficient for the shield in area per
mass units, Q the density, and y the location on the detector

referenced to the center, The sketch below also illustrates the

%z :.L\
i WF_—i_--_‘-__-—:L ‘T
l_ : :idyl
— - ] — axis (x,y,z = 0)

(P 12—

parameters.

A
|

. s
L >

source shield detector
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To transform the dose integrals over y and z to an equivalent

integral over x, we obtain from the diagram gabove,

X = y 4+ z_;‘_zL

8
L L
- 7? z +(1- 1? )y
= az + by (5-13)

where a and b are defined by the relations above. Lines of constant

X can be drawn on a y-z plane with slope %3 - - % .

A

N =
-k N +k
\
S - >y
\ N
X = C01+tm:
-m

Lines perpendicular to az + by = x are the set bz - ay = w with

sl eez- -5.
op dy b

We are effectively going to rotate the coordinates from a y-z
orientation to an x-w orientation, We can then integrate over

w, since x will be constant over this integration, and leave an
integration over x to be performed. This is the formulation in which

. we desire the dose integral to be stated,
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From the transformation

we calculate the inverse transformation
a b
y --E—-—Tx +T——2'W
a +b a +b

b a
°T a2 + b2 " a2 + b2 ’
and the Jacobian,
Ay, 2)
V(x, W)
-1
I B

The dose integral changes as followss

m _k

D -f fd(t(x), y, z) dy dz
-m -k
+ Y,
-f f 3 d(t(x), w, x) dw dx
X" w2
X+

-j f(e(x), x) dx
X

which is the degired form.

The limits of the integration over w form three groups,

WDL-TR2366

(5-14)

(5-15)

(5-16)

(5-17)

(5-18)

(5-19)

(5-20)

(5-21)

depending &t which boundaries the lines of constant x terminate,

It is observed that if the shield is placed exactly in the center

5-14
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between the source and detector, then only two groups will result,

separated by the diagonal.

y= -k 2 y=k

Z = -m

For each group we apply the transformation equations (5-14) to (5-17) and
tabulate the limits w, and w_ of the integral., For example, in
group 1 the integration over w would terminate at each end of a

line of constant x; from the line y = -k to the line z = -m.

X ak

At y = -k we find that z = 5t% and at z = -m we find that
y = % + %? y thus w, = -bk - % (x + ak) and w_ = am + % (x + bm).
GROUP UPPER LIMIT LOWER LIMIT
1 e = -bk = £ (x + ak) w_-am+g-(x+bm)
b ' b
2 w, = -am + = (x - bm) w_ = am+ = (x + bm)
3 We = -am + % (x « bm) w_ = bk - % (x « ak)

The general solution will follow after a slight digression to

‘ explore two approximations which are useful,

5-15
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Approximation if L is Large

A simplification enters if the integrand d(t(x), y, z) is not a
function of y and z. This would occur if there was no r2 depen-
dence, This is almost the case if L is large compared with m and
k, whence r™ = Lz. In space vehicles m is on the order of 5 cm,

and L is on the order of 1 meter, so the approximation is nearly

justified.
D -jf L"%s B(t) e M¢° dy dz (5-22)
. v
- j J L% B(t) e8¢ j dw  dx
Wa
- I J 1725 B(t) e #8" (w, = w_ ) dx (5-23)

In general, the difference of the limits is a linear function
of x,

w,-w_ = f +gx (5-24)
where f and g depend on group location and are tabulated below

for convenience,

GROUP £ 8
2 2
1 -am ~bk - bm _ egh' .b_a
a b
2
2 -2 am =~ 2 bm 0
a
2 2
3 bk -am - 20 _ 2K +2,2
a a b
5-16
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The integral to be operated upon in this approximation is

I = W+ AD

-j[ QE(x) + X L°%s J B(t) eMQF (£ + Sx):] dx (5-25)

~For 8I = 0 we know that

-2?[9 t(x) +ALT2s 1B e (£ v g0)] -0 (5-26)
or
¢ + AL s T (f + gx)[ %1:- -,,.QBJ eMft -0 (5-27)

In the case of B=1 (no build-up factor, i.e., multiple scattering

is neglected), the equation simplifies again.
-2 -
P - NS I (E +guee Mot o o (5-28)

AP e !

AL'ZS J/uf (f + gx) D¢ + gx)

-ppt = - lIn (f + gx)*

-1
t = F In [ (f + gx) (5-29)

This solution is plotted in Figure 5-3 for LS/L = awlkh and for

attenuations of 1/3, 1/10, and 1/100.

In the case that B ¢ 1, and r2 - L2, we can still develop an
interesting relation between t and x, Let us first examine various

forms of B to find a form which gives adequate accuracy and

5-17
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ease of handling.‘ These are listed in Table 5-1.
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3

3.

Table 5-1 Forms of Build-up Factor [Hubbell; 1963)

Linear (one parameter)
B = 1 +p VX4 t
Exponential-Linear (two parameters)
B = 1 +ppgte'q’“?t
Exponential-Polynomial (1 to 3 parameters)
B = (pt2 +qt + 1) AR
Low order Polynomial (3 parameters)
2 3
B = 1 +ppet +q (pee)” +r (ppt)
Sum of Exponentials ( 3 parameters)

B = »p e'q#?t + (1-p) e-r/u'?t

Exponential-Linear Moments (4 parameters)

B = 1 +}Lgt[ pq eMET(1-0) | g e""?t“")]

The linear form is very useful for penetrations up to two mean free

paths (i.e. /.Lft‘_‘ 2), but deviates from experiment by -13% at upted

for aluminum [Hubbell; 1963].

Using this in Equation (5-27), we obtain

P+ AL'Z SJ(f + gx)[ p/‘e -,u.?(l + p/&?t)] «eMCt L o

5-18
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or 2 _met

-eL e

f +gx =
J)\S,u,?[p - (1 +p,u_?t)]

(5-31)

which is of the form

x = weqeyotelt, (5-32)

This equation may be solved explicitly for x(t) and used from a

graph to obtain t(x).

The two-parameter exponential-linear form of the build-up factor
is surprisingly good for penetrations up to ten mean-
free-paths. For ML = 10 in aluminum the deviation from experiment

is everywhere less than 6.4 %. PFrom the build-up factor expression,

QM?C

B=1+pupt e
-%% = (1 -ppa) pupe tHEE (5-33)

Using this in Equation (5-27),

e+ A 1725 7 (£ + gx) [ (1 -ppadp - (34t p'“ec)],u?e-,u.?c(l«i) -0

or )
-?L
f +gx = - T) et
AS J/‘?[.p(l -Apa) - p;gft] Wl 4 -ASJpuge f
(5-34)
which is of the form
1
x-“+(€+7lt) ¥ _oeft ¢ (3-33)
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5.3.3 Exact Solution

The general solution, of course, includes a 1/r2 dependence which

becomes important as m/L or k/L approaches one.

Sff dz B(t) st dy (5-12)

The integrand must again be expressed in terms of w and x so that
the w integration can be carried out,
2
2 ey - 2)? 41? (5-36)
2

a-=->b a+hb 2
- ('1?"‘7'* v *L
a +b a +b

r

= A+Bw+C w2 (5-37)
‘ where a-b 2 2 2
A = ( -5——2-) X + L (5-38)
a +b
2 (e - b?)
B B ete—— X 5'39
(a2 + b2)2 ¢ )
c ————71 3 ( 1)
- - a +hHh = (5-40)
(a% + b?)

and if the algebra is being followed, it should be observed that
a-b = 12 - b2 @ 2a - 1, and J comes from Equation (5-18) for the

Jacobian of the transformation,

The integral of interest is

+ dw
K(x) - 2 (S"Al)
A+Bw+Cw
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K(x) = 2 (4AC - 32)'% arctan (2Cw + B)(4AC - B2)~”

where
(4AC - B2)¥ —%—E-T --2JL
a +b
Thus,

WDL-TR2366

L

- arctan

Since all the w limits are linear in x, we can write

where D, E, F, G once again depend upon group location as defined

in the previous section and are tabulated below,

-1 2 2,2 2
K(x) = o [arctan 2J vy ;2%{ (a -b) x

2J2w_ + ggz(az-bz) g]
-2 .

K(x) = - (JI.)'1 [arctan (D 4+ Ex) - arctan (F + Gx)]

£

GROUP F G D
-m J b +k J a
1 Ta pla-b+0) ) pla-b-p)
-m J b +m J b
2 iy r(a-b*:) ia r(l-b*:)
-k J a +m J b
3 s gla-b-p) a gla-b+)
5-21
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Again we take the first variation of the integral made up of the

weight plus a constant times the dose function.

I = W+ AD

-f [?t(x) + AK(x) SJIB(t(x)) e‘f‘YCde

For §1 =0,

%—E[et+AKSJBe"‘“?t]- 0

or

o+ ,\xs.r[-.%%-/u?a} e Mt - .

(5-46)

(5-47)

(5-48)

Using the exponential-linear approximation to the build-up factor,

the bracket becomes

[ 32 -mes] = [ pem™9% - apge ¥t 1 - puge 98 ug

The general relation may be written as

¢

K(x) =

(5-49)

Mg [PC1-pg @) - pugpe] T psyug e

(5-50)

which is of the following form, and solvable by iteration techniques:

arctan (x +@x) - arctan (¥ + £ x) =

1

(€ +q t)e®* .

oft

5-22
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SECTION 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 PHOTOVOLTAIC-ISOTOPIC COMPARISON

The physical characteristics and performance capabilities of the

photovoltaic and isotopic power configurations are tabulated and compared
in Table 6-1.

6.1.1 Photovoltaic Power

The photovoltaic power subsystem possesses the following

advantages:

. 1. Proven reliability

a. Almost all spacecraft requiring relatively small power
levels over long periods have utilized photovoltaics
with excellent results.

b. Almost all systems now in preparation plan to use
photovoltaics, specifically silicon cells.

c. It is a relatively simple static system.

2. All components are readily available

s. No lengthy, costly developmental program necessary.

3. Potential improvements

a. Small increase in large quantity cell efficiencies can
be snticipated.

b. Improved manufacturing methods should lead to cost
reduction.

c. Integral cell covers could lead to substantial fab-
rication cost reductions,.
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6.2 CHOICE OF POWER SUBSYSTEM

On the basis of a comparison between the performance of photo-
voltaic and isotopic power subsystems on a comet probe requiring 200
watts or more, photovoltaic panels are recommended for flights to comets
out to heliocentric distances of about 1.6 A.U., e.g., Pons-Winnecke at
1.25 A.U. and Kopff at 1.57 A.U. On flights beyond 1.6 A.U., e.g.,
Brooks (2) at 1.8 A.U., photovoltaic panels are large but nevertheless
desirable because of proven technology at a 200-watt power level. Por

higher powers (e.g., 300 watts), RTG units are recommended.

6-4
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APPENDIX A
CALCULATION OF SOLAR CELL DEGRADATION DUE TO PROTONS

Al DETERMINATION OF SUMMATION

The ratio of maximum power after irradiation to maximum initial
power, Pm/PmO’ is related to the ratio of final to initial diffusion
lengths in the solar cell, The radiation is producing traps (irregulari-
ties in the crystal structure) which cause an increasing number of
electron-hole recombinations, thus reducing the maximum power output.

The initial diffusion length, Lo, is a property of the particular solar
cell, and is usually in the range 150-275 microns. The effect of proton
irradiation on diffusion length is determined from the following relation:

1 . 1
5 3 toTk (E) @ () (A-1)

Q

L

where L is the final diffusion length, kP(E) the energy-dependent damage *
coefficient, and (E) the total number of protons incident on a square
centimeter with energy E.

The determination of the summation, T kp 4), can be a tedious job.
A method is derived in this appendix to evaluate this quantity fairly
rapidly and without introducing excessive error. The approach is to
approximate the functions kp(E) and <t (E) as simple power functions of
E which may be determined by measurements on their log-log graphs, and
to accomplish a summation over infinitesimal energy intervals by integ-
ration. Where an entire spectrum cannot be well represented by # single
straight line on a log-log plot, it can often be approximated to an

adequate degree of accuracy by two or more such lines without becoming
unwieldy.
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The results of this derivation are as fellews:

I, Fer B < 28 Mev:

]
2 ]
> k6. 5x10%a | NOB) - NGE,) g ®-0.83 _ _ =-0.83
P(P m -~ 0,83 m m 1 - E, (A-2)
E, E™ -k,

II. Fer E > 28 Mav:
® %2
| Z kp¢ - 1.5x 1077 lrn(ml) - N(>22)] (A-3)

1 —

where R = "best” measured slepe _QZN_g_B;)_ between E, and E, en

8 leg-leg plet ef the integral spectrum ef pretens,

and N(>E) = the number of particles with energy greater than E.
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A.2  DERIVATION

1., Determinatien of Differential Spectrum frem Integral Spectrum

Let dN = n(E) dE = the number of particles with energy between
E and E + dE,
The functien n(E) is called the differential spectrum and has the

fellewing preperties:
Ea

-
N(El, 22) - J n(E) dB = number of particles with

ener between E, and
" o ) and Ey

o«©
N(>El) - (n(E) dE = number of particles with
JE energy greater than El

n(nl, 32) - N(731) - N(>r.2).

If a pertien ef the integral spectrum, N(>E) vs E, can be reasenably
represented by a straight line en leg-leg graph paper, then within

this regien
NGEB) « AE"

vhere m is the slepe AN(>E)/AE ef the straight line representatien,
The numerical value of m is easiest determined by measuring the linear
distance (with a ruler) AN(DE) and dividing by the linear distance AE

as measured with the same secale,

Since E,
NOE,) - NOE)) =4 E - A ‘2- -J’n(l:) dE
it is clear that by differentiatien of N(>E) -E.' may determine n(E).
’ a(E) =-m A E*!

. A-3
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The value of the censtant, A, alse fellews
o) - NORy)

n n
1 B

The quantity n(E) dE will replace the entry ¢ in the summatien,

2. Evaluatien of an Equivalent Integral
The damage censtant (1) kp can be represented by the fellewing functiens
based en empirical data:

-6 3-0.83

kp «-5x10 for E£28 Mev

® k, =151 107 for E>28 Mev.

The summatien can new be replaced by an integral as fellews:

E E
f kp¢ -fkp n(E) a8
E E,
€y
e |-5 x 1070 27983 4 o g*! ax for E<28 Mev

13
5210821 ‘J'x“l'” dB
£

-6 E
m- 0,83

(1) Ceeley and Janda, Handbeek ef Space-Radistien Effects en
O Selar Cell Pewer Systems, NASA SP-3003, 1963, Pg 25.
B The author has used electron data to adjust Cooley and Janda's
curve for 1 ohm-cm cells to apply te 10 ohm-cm cells, which are
more radiation resistant.
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®

- 10"6

= “a-0.8% )

- n1.—0.83 )

Inserting the value of A, we ebtain the desired result in terms of

parameters of the integral spectrum.

-6 NGE,) - NOR,)
% k= 1T (: - :32_ (3,000,090
B, 1 ~E
for B<28 Mev
The other energy range is mere easily ebtained:
Ea
‘ gk’¢-fkpl(l)ﬂ
R, E,
Ey
- f 15210 nar™ ax
E!
- 1.5 x 1077 [N()ll) - N(?le)] for B 28 Mev.
It sheuld alse be remembered that
E, 5 &
Z rE) = 2 KB - PE) ¢« ... « Zr(n) .
E E 5 ha

o a5
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APPENDIX B

MARTIN COMPANY RTG DESIGN

[This response to the WDL Comet Probe
Solicitation by the Martin Company's
Nuclear Division is classified
Confidential according to AEC regu-
.lations, and is therefore contained
in a separate classified supplement.
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